Introduction
Neurodevelopmental disorders (NDDs) are a heterogeneous group of predominantly neuropsychiatric illnesses often accompanied by various degrees of cognitive, social, motor, language or emotional deficits. The nonspecific features of NDDs and degree of phenotypic overlap often lead to a lengthy diagnostic odyssey for patients, with exclusion of multiple suspected diagnoses before arriving at the final diagnosis. Current recommendations for the workup of NDDs with nonspecific features such as intellectual disability (ID), suggest chromosomal/DNA microarrays as a first line of genetic testing (Miller et al. 2010) . DNA microarray will identify partial aneuploidies caused by chromosomal deletions and duplications including disorders associated with recurrent chromosomal aberrations such as Smith-Magenis Syndrome (SMS; OMIM#182290), which is caused by an interstitial de novo microdeletion of chromosome 17p11.2 (Juyal et al. 1996) . However, array-based tests only identify causes in roughly 20% of NDD cases, with a higher yield in cases where there are sufficient other features to suggest a specific diagnosis. In SMS for example, additional findings include sleep disturbances, behavioral problems, and characteristic facial features. Roughly 75% of SMS cases can be identified by techniques that identify the common approximately 3.7 megabase (Mb) heterozygous 17p11.2 microdeletion, or the 15% of SMS cases that have a smaller or larger size 17p11.2 deletion, which are commonly detected by cytogenetic G-banding, fluorescence in situ hybridization (FISH) analysis or DNA microarray technologies (Smith et al. 2001 ). This 17p11.2 microdeletion includes the RAI1 (retinoic acid induced) gene, and another ~5% of SMS cases can be diagnosed through the presence of heterozygous de novo pathogenic RAI1 variants (Slager et al. 2003; Vilboux et al. 2011) . Despite these well-developed and readily accessible diagnostic techniques, some patients with SMS-like features may have no identifiable chromosomal deletion/duplication, nor an RAI1 gene defect, suggesting that they have a different NDD with SMS-like features.
Exome sequencing allows rapid analysis for gene variants associated with disease and is increasingly becoming the next step in the diagnostic evaluation of patients with undiagnosed disorders who have exhausted prior diagnostic steps (Rauch et al. 2012 ). Previous studies, in which the exomes of cases with NDD/ID and their parents were analyzed together, have demonstrated an abundance of de novo mutations as key players (Deciphering Developmental Disorders Study 2015; Ku et al. 2013; Rauch et al. 2012; Vissers et al. 2010) . De novo mutations were also shown to play important roles in specific nonsyndromic neurocognitive phenotypes including schizophrenia and autism McCarthy et al. 2014; Ronemus et al. 2014; Slager et al. 2003; Xu et al. 2012) . Recent studies described exome sequencing in patients with SMS-like phenotypes and identified pathogenic variants (Chen et al. 2016; Loviglio et al. 2016) . One specific example of the success of this approach is the identification and subsequent characterization of the White-Sutton syndrome [MIM#616364] ), which was initially described in a patient with an SMS-like phenotype. More recently, a cohort of 15 patients with SMS-like features was analyzed to identify potentially deleterious variants in 9 individuals and suggested a common functional network of dysregulation underlying the overlapping phenotypes (Loviglio et al. 2016 ).
In the current study, we analyzed a cohort of 6 cases with SMS-like features, including ID, sleep disturbances, and behavioral problems, but with no genetic diagnosis after DNA-microarray analysis and RAI1 gene sequencing. These patients therefore do not have a molecular diagnosis of SMS, but had enough clinical features that SMS was suspected by experienced clinicians. Previous workups on some of these patients had also ruled out several other neurodevelopmental disorders (Table 1) . Patients were referred to the National Institutes of Health (NIH) SMS Natural History Study protocol (01-HG-0109) due to clinical suspicion of SMS, and were selected for exome analysis based on a history of negative testing for RAI1 sequence variations and normal molecular karyotyping. Exome analysis of each individual and their parental family members (trio) was performed using an automated pipeline described herein. Exome variants were assigned Combined Annotation Dependent Depletion (CADD) scores (Kircher et al. 2014) and were filtered based on population frequencies (ExAC database http://exac.broadinstitute.org; Lek et al. 2016 ) and predicted deleteriousness. Pathogenic variants in previously reported ID-associated genes were clearly assigned in 2 cases (33% of the cohort) with reasonable candidates of uncertain significance identified in another 2 cases. Clinical and molecular findings in the 6 cases are listed in Table 1 . For patients with molecular findings where photographs were available, images can be found in Supplemental Figure 1 . This cohort of SMS-like individuals expands the published cohort of these individuals studied by exome analysis by 40% and identifies several genes that integrate into the proposed RAI1-associated disease network (Loviglio et al. 2016 ).
Materials and methods

Cases and sample collection
All cases were enrolled in NIH clinical protocol, "Natural History Study of Smith-Magenis Syndrome" (www. clinicaltrials.gov, NCT00013559; 01-HG-0109) , approved by the National Human Genome Research Institute's (NHGRI) institutional review board. Since universally agreed minimum clinical diagnostic criteria for SMS are lacking, patients were included in this study based on the clinical impression of experienced clinicians of clustering of features (i.e., facial appearance, unusual sleep pattern, behavioral and developmental concerns) suggestive of SMS. The absence of abnormal craniofacial features, which are important components of 'classic' SMS, did not exclude participation, especially because many individuals were enrolled during early childhood when the craniofacial features of SMS may be subtle or nonspecific; SMSassociated craniofacial features generally become more prominent as the patient ages. Written informed consent was obtained from each patient and/or their parents. Clinical data for participating subjects were derived from chart review of medical records and clinical and genetic evaluations at the NIH or offsite. All clinical investigations were 
RAI1
testing in lymphoblastoid cells was performed as described (Vilboux et al. 2011) e M2647 also had a maternally inherited XAGE conducted according to the principles expressed in the Declaration of Helsinki. Peripheral blood was collected from all subjects, their parents, and siblings and employed for extraction of genomic DNA and for Epstein Barr Virus (EBV) immortalization of B-lymphocytes, using standard protocols. Primary cultures of epidermal fibroblasts were obtained from case M2922 from a forearm skin biopsy, using standard protocols.
Exome sequencing and Sanger sequencing validation
Exome sequencing was performed by the NIH Intramural Sequencing Center (NISC) using the Nimblegen V3 + UTR exome capture (Roche) and sequenced on the HiSeq 2500 (Illumina) (Bentley et al. 2008 ) which employed 126 bp paired-end read sequencing. Image analysis and base-calling were performed using Illumina RealTime Analysis software (Version 1.18.61). Reads were aligned to a human reference sequence (University of California Santa Cruz [UCSC] assembly hg19, NCBI build 37) using NovoAlign V2.08.02 with default parameters (NovoCraft Technologies Sdn Bhd). Genotypes were called at all positions where there were high-quality sequence bases using a Bayesian algorithm called the Most Probable Genotype (MPG) (Teer and Mullikin 2010) and variants were filtered using the graphical software tool VarSifter (V.1.5) (Teer et al. 2012 ). The called variants were then re-annotated using Annovar and custom Perl scripts to assign frequencies from the Exome Aggregation Consortium (ExAC) database (http://exac.broadinstitute.org/) and Combined Annotation Dependent Depletion (CADD) scores (http:// cadd.gs.washington.edu/). A quality filter was applied to removed variants with poor coverage and uncertain zygosity calls by excluding variants with coverage less than 10, an MPG score less than 10, or score to coverage ratio less than 0.5 in all members of the trio. Rare variants in less than 1% of the ExAC populations are included in Supplemental Table S1 (Supplemental Table S1 ). Variants were then filtered to assess for exonic or splicing with CADD scores greater than 20 (top 1% of variants for predicted deleteriousness) or predicted loss of function and seen in less than 0.1% of the ExAC population. Variants in each trio were then checked against Mendelian inheritance models including de novo, recessive, compound heterozygous, and X-linked. These strict criteria allowed rapid analysis of the cohort, yielding relatively few variants per patient to consider by manual analysis.
Candidate variants associated with known diseases identified by exome sequencing were validated by a CLIAcertified genetics laboratory to allow counseling of the families. The NDN variant was validated by Sanger dideoxy sequencing. Primers (Supplemental Table S2 ) were designed to PCR-amplify the genomic area including the variant. Direct sequencing of the PCR amplification products was carried out using BigDye 3.1 Terminator chemistry (Applied Biosystems) and separated on an ABI 3130xl genetic analyzer (Applied Biosystems). Data were evaluated using Sequencher (V.5.0) software (Gene Codes Corp.).
We utilized the STRING database website (www.stringdb.org) (Szklarczyk et al. 2016 ) to integrate our findings with the recently published RAI-associated disease network (Loviglio et al. 2016) . The eight genes found in that publication were entered with the six genes identified in this paper. All data sources were selected and the minimum required interaction score was set to low confidence (0.150) to allow for broad identification of possible interactions. Interactor settings were aligned to query proteins only to identify direct associations among input genes.
RAI1 expression studies
RAI1 expression studies were performed on lymphoblastoid cells of a subset of patients. The methodology was previously reported (Vilboux et al. 2011 ) and included patient M2647. Clinical features of patient M2647 were included in a Table of that paper (Vilboux et al. 2011 ), but no detailed clinical description was provided. Samples of patients M2189 and M2922 were assessed with the same assays and at the same time as the previous analysis.
Results
Case M2189
The first case was ascertained as a 4-year-old white female with global developmental delay, moderate to severe ID, marked expressive speech delay, autism spectrum disorder and other subtle features of SMS including early feeding issues, truncal hypotonia, hoarse vocal quality, gastroesophageal reflux disease (GERD), oral motor dyspraxia, synophrys, strabismus, dry skin, as well as the characteristic sleep and behavioral aspects that included tantrums, impulsivity, stereotypes (hand-flapping, bruxism), and selfinjurious behaviors (headbanging, hits/bites self). Previous studies revealed normal high resolution karyotype, normal FISH studies for SMS and velo-cardio-facial (VCF) syndrome, normal metabolic testing, normal testing for Rett syndrome, normal DNA microarray, and normal RAI1 coding sequence. Our previous research study in EBV cell lines of this case (M2189) identified decreased RAI1 mRNA expression, i.e., roughly 52% compared to controls (set to 100%) (Vilboux et al. 2011 ).
The only variant that met our strict exome filtering criteria was a de novo novel nonsense variant in the IQSEC2 (IQ motif and Sec7 domain 2) gene [hg19.chrX:53272604 G > C; c.2184C > G: p.Tyr728*]. This variant is located in exon 9 (of 14 IQSEC2 exons) and predicted to cause nonsense mediated decay. Other loss of function variants, located both before and after p.Tyr728*, in IQSEC2 have been reported in cases of X-linked ID (OMIM#309530 Mental retardation X-linked 18) (Alexander-Bloch et al. 2016; Shoubridge et al. 2010; Tran Mau-Them et al. 2014) . Cases with both familial and de novo inheritance are reported as well as both missense and truncating mutations (Tran Mau-Them et al. 2014) . IQSEC2 variants in male patients cause moderate to severe ID. In females, however, there is a variable phenotype, including different degrees of ID (Shoubridge et al. 2010) . Some reported IQSEC2 variants are associated with nonspecific facial dysmorphisms and other features including speech delays, strabismus, hypermetropia, and stereotypic and autistic behavior. Based on the IQSEC2 variant in case M2189 being de novo and loss of function, we considered it pathogenic by the current American College of Medical Genetics and Genomics (ACMG) guidelines (Richards et al. 2015) .
Case M2647
The second case is a 4-year-old white male with early feeding issues, failure to thrive, gastroesophageal reflux disease, global developmental delay, cognitive impairment; marked expressive speech delay (non-verbal), diagnosed autism, and seizure disorder. Facial features were mildly dysmorphic (high broad forehead; open mouth posture), he had frequent otitis media, hypotonia, slight tremor, persistent fingertip pads, pes planus, as well as sleep and behavioral aspects including repetitive, aggressive and self-injurious behaviors (head banging, hits/bites self) with pica. Previous evaluation included negative studies for Angelman Syndrome (AS) and Prader-Willi Syndrome (PWS), negative Fragile X studies, normal FISH for SMS, normal DNA microarray and normal RAI1 coding sequence. RAI1 mRNA expression studies in lymphoblastoid cells of M2647 have previously been reported at 80% of control levels (Vilboux et al. 2011) .
Two variants were considered after the strict exome filtering criteria. One was a maternally inherited missense variant in XAGE3 (X-antigen family member 3) that fits an X-linked model, seen in 0.01% of the ExAC population, with a CADD score of 23.4. The function of XAGE3 is unknown; it has sequence similarity with other GAGE/ PAGE (G-antigen/P-antigen) proteins, which are expressed in a variety of tumors and some fetal and reproductive tissues. This gene has not previously been associated with human disease and we considered it unlikely to be the driver of the individuals's phenotype. The other variant was a de novo missense variant in the DEAF1 (deformed epidermal autoregulatory factor-1) gene [chr11:686962 A > T; c.700T > A: p.Trp234Arg], not seen in ExAC, with a CADD score of 25.5. De novo missense variants in DEAF1 have been reported to cause autosomal dominant ID (Waltl 2014) . The variant in case M2647 occurs in a highly conserved residue within the SAND domain of DEAF1 (Fig. 1) . SAND domains (named after Sp100, AIRE-1, NucP41/75, DEAF-1) are conserved ~80 amino acid residue regions found in some nuclear proteins, many of which are transcription factors. It is thought that variants in the SAND domain cause a dominant negative effect on protein function (Vulto-van Silfhout et al. 2014) . Four cases with SAND domain variants have been reported with features including ID, speech delays, and behavioral problems. The SAND domain variant of case M2647 was included Fig. 1 Reported variants in the SAND domain of DEAF1. Multispecies alignment of the SAND domain in the DEAF1 protein isoforms of human, rat, mouse, zebrafish and drosophila (major protein isoforms displayed). Arrows depict DEAF1-SAND domain residues with reported variants, including our novel variant in gray highlight.
All variants are reported as heterozygous de novo, except for R226 W which was reported to occur homozygous in two independent families. Amino acids with similar properties are marked in italic underlined print, and dissimilar amino acids are marked in bold underlined 1 3 in a functional characterization of DEAF1 variants study, which demonstrated its inability to repress expression in a reporter assay, similar to other DEAF1 pathogenic variants (Chen et al. 2015) . Therefore, we considered the DEAF1 p.Trp234Arg variant in case M2647 as pathogenic. Interestingly, DEAF1 has recently been reported to transcriptionally regulate RAI1 expression; this helps explain the SMSlike phenotype seen in our case (Chen et al. 2016 ).
Case M2922
The third case is an 8-year-old female, who was referred at age 4 years with ID, infantile hypotonia, obesity, sleep concerns, behavioral issues, with a reported volatile mood and sensory issues. She had mild dysmorphic features including epicanthal folds and micrognathia. MRI of her brain was normal aside from a right choroidal cyst of uncertain significance. Also of note, a polysomnography study at age 8 diagnosed her with sleep disordered breathing, considered moderate in degree and involving episodic central apneas and ongoing arousals and awakenings; some appeared related to ongoing respiratory events. Previous genetic evaluation included normal chromosomal DNA microarray, normal methylation studies of the AS and PWS chromosomal region, normal FISH for VCF and SMS, and normal sequencing of RAI1. RAI1 mRNA expression levels were previously assessed in EBV cell lines and were noted to be between 50 and 85% of control levels (Vilboux et al. 2011) .
Two variants met the strict exome filtering criteria; both were de novo missense variants, not found in ExAC, and both had CADD scores greater than 25. One was in the MAPK8IP3 (Mitogen-Activated Protein Kinase 8 Interacting Protein 3) gene [chr16:1810461 A > G; c.1364A > G: p.Glu455Gly]; this gene has not been associated with human disease. It is expressed in brain and is relatively intolerant to missense variants based on the ExAC database (Lek et al. 2016 (Fig. 2b) . The Ala280 residue falls within a predicted alpha helix (Guex et al. 2009 ), so the change is likely to affect the protein's secondary structure due to the intolerance of prolines within alpha helices (Kim and Kang 1999) . NDN is located within the imprinted PWS region on chromosome 15q11.2 and is known to have monoallelic expression of the paternal allele due to maternal imprinting (Jay et al. 1997) . We considered this a reasonable candidate variant for the case's phenotype for several reasons. First, the NDN gene is known to be deleted as part of a well-known human neurodevelopmental disorder (Jay et al. 1997) . Second, the gene has been previously implicated in sleep disordered breathing such as seen in our case and in model organisms (Zanella et al. 2008) . Third, its status as an imprinted gene would allow for expression of the variant alone, without any reference allele expression, providing a simple explanation for a heterozygous variant causing disease without need to suggest haploinsufficiency or dominant negative models.
We utilized a nearby synonymous SNP to identify the phase of the de novo variant (Fig. 2a) . SNP rs2192206 is a synonymous variant with an allele frequency in ExAC of 20%. The mother and proband were heterozygous at this locus while the father is homozygous reference. As such, the mother provided the minor allele while the father provided the reference allele in the proband. As this SNP falls within 20 basepairs of the identified de novo variant, inspection of the alignment in the BAM file allowed parent of origin phasing. All individual sequence reads in the BAM file covering this region that contained the de novo variant also contained the reference allele at rs2182206 and all the reads without the de novo variant contained the minor allele at rs2182206. This demonstrates that the de novo variant occurred on the paternally inherited chromosome and thus the variant would be the only expressed allele and not be silenced by maternal imprinting. Indeed, sequencing of cDNA derived from the case's fibroblast RNA confirmed monoallelic expression of the variant, since the reference allele is silenced (Fig. 2b) .
PWS is contiguous gene deletion syndrome caused by loss of the paternal copies of roughly 8 genes on chromosome 15q11 (Driscoll et al. 1993) . It is characterized by ID, hypogonadism, hyperphagia leading to obesity, and marked hypotonia. A PWS-like single gene disorder, Schaaf-Yang syndrome (OMIM#615547) (Schaaf et al. 2013) , was identified to be caused by loss of function variants in the MAGEL2 gene, also known as Necdin-Like 1, a gene paralogous to Necdin (NDN) and located in the PWS 15q11 chromosomal region. To date, no single gene disorder has been reported due to NDN variants. However, in our case M2922 with a monoallelic NDN variant expression, it is interesting to note that this case has several of the phenotypic features seen in PWS, including ID, infantile hypotonia, obesity, and sleep disordered breathing (Pavone et al. 2015) . NDN has previously been suggested as the mediator of the respiratory phenotype of PWS, which can be seen independent of the obesity (Zanella et al. 2008 ) and several processes involving neuronal migration and survival (Tennese et al. 2008) . We therefore suggest that disruption of Necdin may lead to a syndrome of moderate ID with sleep disordered breathing, and that it could contribute to the overall phenotype seen in the PWS contiguous gene deletion syndrome. It is important to note that case M2922 does not have other characteristic features of PWS such 1 3 as hypogonadism. This agrees with previous studies that could not identify a relationship between Necdin variants and a hypogonadism phenotype (Beneduzzi et al. 2011) . As such, case M2922 represents a dysregulation of NDN without other derangement of the PWS region. Similar to Schaaf-Yang syndrome, which also has features of PWS, this single gene mutation can help separate the effects of the individual genes within the region to the overall PWS phenotype. Case M2922 had the second identified variant of uncertain significance in MAPK8IP3 that, while not previously associated with human disease, cannot be excluded as contributing to her overall phenotype. Interestingly, MAPK8IP3 is thought to interact with NDN (personal communication, Dr. Rachel Wevrick, University of Alberta) and form a complex (Blasius et al. 2007) , that could suggest a digenic model for this case's phenotype.
Case M2338
A 29-year-old female presented with typical craniofacial features of SMS, deep-hoarse voice, and perseverative speech with poor language function. She also had severe myopia, hyperacusis, corpus callosum variant (incomplete development), short stature (<5%), brachydactyly, leg length difference due to dry hip "socket", kyphoscoliosis, truncal obesity, frequent urinary tract infections, adult onset seizures, and sleep and behavioral problems. At age 10 years she had intensive inpatient psychiatric evaluation for disruptive behaviors with diagnosis of attention deficit disorder (ADD). Prior genetic evaluation included normal metabolic studies, normal 46,XX karyotype, normal methylation study for PWS, and normal FISH for SMS. Assessment at age 29 years documented FSIQ 40 with expressive language at the 8-year-old level and receptive language at Sanger confirmation of the c.838G > C NDN variant and the nearby synonymous SNP (rs2192206): c.858C > T, and sequencing of fibroblast cDNA confirms de novo inheritance and monoallelic cDNA expression of the variant. This confirms that the de novo variant in the proband occurs on the paternally derived allele and imprinting silences the maternally derived reference allele 4-5-year-old skill level. Further genetic studies demonstrated a normal SNP microarray without any chromosomal deletions/insertions and normal sequencing of RAI1. The only variant that met the strict exome filtering criteria was a de novo missense variant in the KAT5 (K(lysine) acetyltransferase 5) gene [chr11:65480402 G > A; c.158G > A: p.Arg53His]. This gene is constrained to missense mutation in ExAC with a z-score of 4.45 (Lek et al. 2016) . KAT5 is a histone acetyl transferase and is thought to be involved in chromatin remodeling, a cellular process implicated in several neurodevelopmental disorders (Contestabile and Sintoni 2013; Lopez and Wood 2015) . A different Lysine Acetyltransferase, KAT6B, is associated with OHDO syndrome, a dysmorphic and neurodevelopmental disorder (Clayton- ). KAT5 has not been implicated in human neurodevelopmental disorders but is a possible candidate. As such, we consider this as a variant of uncertain significance (Richards et al. 2015) .
Case M2410
Case M2410 is a 13.5-year-old female referred with suspected SMS. Developmental delays were noted at 1 year with failure to thrive and growth retardation. She had speech delay and coarse facial features with synophrys, hypotonia, scoliosis, and esotropia/strabismus, frequent otitis media, chronic constipation, heart block, and precocious puberty, with short stature at age 14 months. With decreased growth hormone levels at age 6 years, growth hormone therapy and Lupron were initiated at age 12 years. Her speech and mannerisms were similar to those of SMS cases, with sleep issues noted at age 2 (nocturnal awakenings), but while she slept less than others she did not have a classic SMS sleep history. She received diagnoses of mild autism, attention deficit/hyperactivity disorder (ADHD), and Pervasive Developmental Disorder-Not Otherwise Specified (PDD-NOS). Her behaviors included hyperactivity, tantrums, aggressive and impulsive actions, 'lick and flip', nail yanking, skin picking, self-hits, but no stereotypic behaviors. Previous studies demonstrated a normal karyotype, normal FISH for SMS, VCF, and Williams Syndrome. She had normal studies for Fragile X and a normal metabolic evaluation and a normal skeletal survey. Chromosomal DNA microarray and RAI1 coding sequencing were normal.
The one variant that met the strict exome filtering criteria was a de novo missense variant in the BAP1 (BRCA1-associated protein 1) gene [chr3:52443601 C > T; c.91G > A: p.Glu31Lys]. BAP1 belongs to the ubiquitin C-terminal hydrolase subfamily of deubiquitinating enzymes that are involved in the removal of ubiquitin from proteins. In addition, BAP1 may be involved in regulation of transcription, regulation of cell cycle and growth and response to DNA damage and chromatin dynamics. Germline variants in BAP1 have been associated with tumor predisposition syndromes, but have not been associated with NDDs. As such, we considered this variant of uncertain significance for contributing to the phenotype of case M2410.
Cases M2860 and M2861
The final two members of the cohort are a pair of sisters at ages 21 months and 4 years. The 4-year-old (M2860) had global developmental delay, moderate to severe ID and subtle features of SMS including early feeding issues, truncal hypotonia, hoarse vocal quality, GERD, oral motor dyspraxia, synophrys, strabismus, dry skin and sleep and behavioral issues. The younger sister (M2861) had developmental delay, mild dysmorphic features (SMS-like), macrocephaly, gross motor delay, hypotonia, ventricular septal defect, GERD, otitis media and upper respiratory infections as well as small hands/feet. The older sister had a normal karyotype, normal DNA microarray, normal metabolic studies, and normal RAI1 coding sequence. We did not identify DNA variants in these siblings that met our strict exome filtering criteria, including an autosomal recessive model.
Relationship to gene-association network for SMS-like disorders
We explored if the genes harboring de novo variants were functionally associated with the network of genes recently identified in a separate SMS-like cohort (Loviglio et al. 2016) . This previous study identified variants in KMT2D (mapped to MLL2 by STRING), ZEB2, MAP2K2, GLDC, CASK, MECP2, KDM5C, and POGZ. We searched the STRING database for interactions between these and the genes we identified, including DEAF1, IQSEC2, MAP-K8IP3, NDN, KAT5, and BAP1. The resulting functional association network is shown in Fig. 3 . This network, containing 14 nodes and 18 edges, has a significant protein-protein interaction enrichment reported by STRING (p = 0.00115). Most notably, all genes with variants in our cohort have at least one association with at least one of the previously reported genes, either through co-expression of homologs, functional interactions of homologs, or co-mentioning in published abstracts.
Discussion
Exome sequencing in this small cohort with SMS-like features allowed identification of the likely pathogenic changes in a third of the families and reasonable candidates in another third. This yield is similar to other NDD/ ID-related exome analysis studies (Deciphering Developmental Disorders Study 2015; Loviglio et al. 2016; Rauch et al. 2012; Vissers et al. 2010) . We increased the SMS-like cohort analyzed by exome sequencing by 40% by combining our 6 cases with 15 other published cases (Loviglio et al. 2016) . Our six genes with potentially deleterious de novo variants in the SMS-like population augment the previous publication of eight genes with such de novo variants in the same patient population (Loviglio et al. 2016) . In fact, all six genes identified in our study are functionally associated with the previously identified genes as depicted in a Gene-association network for SMS-like disorders (Fig. 3) .
Clinically useful information was obtained in our study, since the inheritance patterns and recurrence risks were different for each of the identified variants. Defects in two of the disease genes, DEAF1 and IQSEC2, were previously found in cohorts of patients with ID. Although our study includes NDDs with relatively non-specific clinical features, the genes we identify provide reasonable explanations for the overlap between the disorders observed and the specific SMS-like features. For example, the role of DEAF1 as a transcriptional regulator of RAI1, likely relates to the phenotypic similarities between individuals with DEAF1 variants and individuals with SMS (Chen et al. 2016) . Cases 2189 and 2922, with the IQSEC2 and NDN variants, respectively, both had previous studies demonstrating decreased RAI1 expression in lymphoblastoid cell lines (Vilboux et al. 2011) . It remains possible for some cases that unidentified genomic variants upstream/intronic of the RAI1 gene underlie the decreased RAI1 RNA expression. Additional studies, such as whole genome analyses, are required to assess for these possible noncoding variants. This does not, however, detract from the clinical utility of whole exome sequencing to detect pathogenic coding region variants.
The NDN variant in case M2922 is of particular interest because it can help exclude NDN's contribution to parts of the PWS phenotype such as hypogonadism while supporting its role in contributing to the intellectual disability and sleep disordered breathing seen in PWS. We suspect that monogenic syndromes associated with NDN could easily have been overlooked in clinical exome studies in the past because it is an imprinted gene, meaning that a pathogenic variant can be inherited from an unaffected carrier father. Variants can be inherited from an asymptomatic father if the father carries the variant on his maternally inherited chromosome, which can lead to being filtered out based on Mendelian inheritance. Previous studies have demonstrated that specific filters for imprinted diseases can overcome this limitation, allow identification of these diseases, and be integrated into exome pipelines (Bodian et al. 2014) . However, since alleles can be seen in healthy people who inherit a silenced copy, the population frequency of such variants may also lead to them being disregarded. While this single case cannot clearly describe the spectrum of features of Fig. 3 Integration into the gene-association network for SMS-like disorders. Geneassociation network from the STRING database demonstrates a network significantly enriched for gene associations between the genes identified in the SMSlike cohort (DEAF1, IQSEC2, MAPK8IP3, NDN, KAT5, and BAP1) and the RAI1-associated disease network (KMT2D (mapped to MLL2 by STRING), ZEB2, MAP2K2, GLDC, CASK, MECP2, KDM5C, and POGZ) as previously reported (Loviglio et al. 2016) altered NDN function in humans, the features of ID with sleep disordered breathing are intriguing. We note that the de novo variant in MAPK8IP3 can partially contribute to case M2922's phenotype; the possibility of a physical interaction between their gene products could suggest a digenic model.
Although the p.Tyr728* nonsense variant in IQSEC2 has not been previously described, various other variants in IQSEC2 are reported in cases with similar clinical features (Alexander-Bloch et al. 2016; Shoubridge et al. 2010; Tran Mau-Them et al. 2014) . Likewise, the missense variant p.Trp234Arg in DEAF1 is novel, but other missense variants in the SAND domain are reported and considered pathogenic (Vulto-van Silfhout et al. 2014; Waltl 2014 ) and functional DEAF1 variant experiments support the pathogenicity of this variant (Chen et al. 2015) . It is more challenging to assign pathogenicity to the de novo missense variants identified in cases M2338 (KAT5) and M2410 (BAP1) and they remain variants of uncertain significance. It is also possible that our strict exome data filtering criteria excluded possible pathogenic variants in cases M2338 and M2410, as well as in cases M2860 and M2861, although additional analysis with more relaxed filtering criteria failed to identify likely relevant variants.
Overall, we demonstrated the high yield of exome sequencing and filtering for de novo variants in subjects (and their parents) with SMS-like features including ID or developmental delays, behavioral problems, sleep disturbances, and dysmorphic features. Clinical exome sequencing should be considered if further diagnosis is warranted in cases with these features who remain undiagnosed after chromosomal microarray analysis and RAI1 sequencing. Reporting of all pathogenic genetic variants in NDD/IDrelated (exome) studies is essential for increased knowledge about the frequency and pathogenicity of sequence variants, and to gain translational insights into the pathobiology of NDDs. Additionally, further studies are required to extensively phenotype, beyond the ID and neurodevelopmental features, cohorts of patients with likely deleterious variants in the same genes to delineate specific phenotypes associated with specific genes. Sleep disturbances and behavioral difficulties are often considered relatively nonspecific findings in NDDs, but may be part of the neurocognitive phenotype of multiple disorders in the same way that these features are associated with SMS. These data may make diagnosis easier and more cost-effective, allow genotype-phenotype studies, improve patient care, and lead to novel treatment strategies.
